Introduction
Medium-chain-length poly-3-hydroxyalkanoic acids are bacterially accumulated polyesters with great potential as compostable thermoelastomers in high value commercial applications (Chen, 2009 , Rai et al. 2011 . Oleic acid is the predominant fatty acid of many tall and vegetable oils, particularly canola and high-oleic soy, that are likely D r a f t 4 to be major feedstocks for renewable oil biorefineries in the temperate climates where these oils are produced in large quantity. Oleic acid is an excellent substrate for growth and medium-chain-length polyhydroxyalkanoate (mcl-PHA) accumulation by bacteria such as Pseudomonas putida . However, since such substrates must be activated via fadD (acyl-CoA synthase) for polymerization, substrates are subject to β-oxidation producing mcl-PHA containing a mixture of subunits. This reduces crystallinity compared to homopolymeric mcl-PHA, resulting in a melting point that is too low for many applications and poor mechanical strength. In contrast, nonanoic acid (NA) is one of the best substrates for high yield production of mcl-PHA (Sun et al. 2009 ) and can be used to produce materials with substantially superior mechanical properties and a melting point above 60 C (Jiang et al. 2012) . NA is commercially produced by ozonolysis of oleic acid to make an equimolar mixture of NA and azelaic (AzA) acids (Rupp et al., 2009) ( Fig. 1) . Although small quantities of AzA are used in the production of the specialty polymer Nylon-6,9 and in acne medications (Elsaie and Choudhary, 2009 ), this dicarboxylic acid has few current uses. Since substrate cost is a major factor in the production of mcl-PHA, we investigated the possibility of using AzA and NA for mcl-PHA production. aeruginosa, some strains of P. fluorescens, P. stutzeri, P. multivorans (now Burkholderia cepacia) and P. acidovorans (Stanier et al. 1966) and P. citronellolis ATCC 13674 (same as DSM 50332) (Choi and Yoon, 1994) . Degradation of dicarboxylic acids has been shown to occur via β-oxidation in P. aeruginosa 8602 (Chapman and Duggleby, 1967) and P. fluorescens St. 18 (Hoet and Stanier, 1970) and is generally accepted as the route by which capable pseudomonads degrade dicarboxylic acids. P. fluorescens ATCC 17400 is a psychrophilic bacterium that can grow on a diverse range of compounds as sole sources of carbon and energy (Stanier et al. 1966) . Several studies have focused on its ability to produce iron-chelating compounds (siderophores), but there are no publications in the context of PHA production. P. citronellolis has the unusual ability to grow on recalcitrant branched hydrocarbons (Fall et al. 1979 ) and terpenes as it possesses an acyclic terpene utilization pathway (Förster-Fromme and Jendrossek, 2010) . P. citronellolis ATCC 13674 is the only organism shown to grow on α,ω-dicarboxylic acids and produce mcl-PHAs (Choi and Yoon, 1994) . On azaleic acid (nonanedioate), the mcl-
Materials and Methods

Culture maintenance and shake-flask batch experiments
Cultures (P. putida KT2440, P. citronellolis DSM 50332 (same as ATCC 13674) and P.
fluorescens ATCC 17400) were preserved on polymer beads and stored at -80°C and were maintained on nutrient agar plates at 4°C. In shake flask experiments to evaulate growth and PHA production on AzA or NA, a 2.5% (v/v) inoculum prepared on 1.0 g/L of the carbon source was added to 100 mL of medium in 500 mL Erlenmeyer flasks (pH 
Toxicity of P. citronellolis to acrylic acid (AA)
Erlenmeyer shake flasks (500 mL) contained 100 mL of medium with acrylic acid (AA) at different concentrations with (a) glucose (9 g/L) and nutrient broth (1 g/L) or (b) nonanoic acid (2.5 g/L) as the sole source of carbon and energy. all but P-limited fermentations, 0.234 g Na 2 HPO 4 , 0.099 g KH 2 PO 4 and 1.4 mL/L trace element solution. Carbon substrates were added as described later. NA was added via computer control from a separate reservoir on a balance. Due to poor water solubility of AzA, it was solubilized in aqueous potassium hydroxide (mass ratio of AzA to KOH of approximately 1.6) and adjusted to pH 7 prior to autoclaving and added to the chemostat medium when cooled. The nitrogen source was supplied and pH controlled automatically with 14% (w/v) NH 4 OH. CO 2 in the outlet gas was monitored throughout the batch phase until an outlet gas CO 2 content (Guardian+ carbon dioxide monitor, Topac Inc., USA) of A minimum of two samples were taken at least three hours apart using a peristaltic pump after achieving steady state as monitored by dissolved oxygen concentration and outlet gas CO 2 content after at least 5 volumes of medium had been fed.
Analytical methods
Growth was monitored by optical density measurements at 630 nm. Cell dry weight was determined after lyophilization of biomass obtained by centrifugation of 5 mL culture broth at 17000 x g for 15 min and washing twice with 5 mL distilled water. Supernatant of the samples and the distilled water washes were saved for analysis of NA and key nutrients. NA was determined by methylation followed by GC-FID analysis with decanoic acid as the internal standard (Ramsay et al. 1991) . Phosphate was measured via reduction of phosphomolybdate to molybdene blue (Clesceri et al. 1999 ) and ammonium by the phenol-hypochlorite method (Weatherburn, 1967) . PHA content and composition was determined by modification of the method of (Braunegg et al. 1978) and (Lageveen et al. 1988 ) in which lyophilized cell samples were suspended with 2 mL of methanol containing 15% (v/v) H 2 SO 4 and 0.2% (w/v) benzoic acid (internal standard) and 2 mL of chloroform. Methanolysis was performed at 100 o C for 3.5 h with periodic vigorous mixing. After cooling to room temperature, 2 mL distilled water was added, vortexed for 1 min and left overnight for phase separation. The organic phase was analyzed by GC-FID. The PHA standard was prepared by repeated solvent extraction followed by precipitation in cold methanol, and its composition was determined by NMR. was evaluated. Glucose (3.90 g/L in feed) was supplied as a growth substrate.
Ammonium was always in excess while phosphate became limiting at phosphate feed concentrations below 0.400 g/L (Fig. 2) . Phosphate limitation caused the CO 2 production rate and steady-state biomass concentration to decrease but generally led to increased PHA accumulation with a maximum of 20.0 wt% at an inlet phosphate concentration of 0.225 g/L (Fig. 2) . Polymer composition was constant at approximately 65 mol% C9 and 35 mol% C7 for all experimental conditions. These conditions were then used to study PHA production with a combination of NA and AzA in the feed. AzA was introduced as an additional carbon source in the chemostat study of P.
citronellolis DSM 50332. The objective was to determine if AzA could be used to produce mcl-PHA containing a side-chain carboxyl group by supplying another carbon source (NA) known to produce mcl-PHA via β-oxidation in an effort to stimulate this pathway. Other than the addition of AzA, the conditions were identical to those in the previous section, and the concentration of phosphate was fixed at 0.225 g/L since the highest % PHA was produced at this concentration.
Although about 35% of the AzA fed was utilized (Fig. 3) , biomass, CO 2 production rate (CPR), PHA content (about 20% of dry biomass) and composition (65 mol% C9 and 35 mol% C7) remained almost constant (data not shown) as the AzA feed concentration was increased. Phosphate was always limiting, ammonium and glucose were in excess and NA was completely utilized (Fig. 3) . Under these conditions, only NA was used as a carbon source for PHA synthesis. No C10 monomer (indicative of de novo synthesis) nor carboxylated monomer (indicative of direct incorporation of AzA) were detected. Since some pseudomonads are known to metabolize dicarboxylic acids by β-oxidation (Chapman and Duggleby, 1967; Hoet and Stanier, 1970) , inhibition of β-ketothiolase in the β-oxidation pathway by acrylic acid (AA) may increase the likelihood D r a f t 13 of producing carboxylated PHA from dicarboxylic acids. β-oxidation inhibition has been previously used to increase the liklihood of incorporation of specific PHA subunits (Olivera et al. 2001; Escapa et al. 2011) . In order to determine the AA concentration range that should be studied, the amount of AA required to suppress β-oxidation was evaluated in shake-flasks. Even when supplied with glucose and nutrient broth, as little as 0.10 g/L AA severely inhibited growth (Fig. 4a) . Based on these data, another toxicity test was performed employing NA as the sole source of carbon and energy. NA utilization requires β-oxidation. While concentrations above 0.005 g/L AA decreased the growth rate, it was determined that 0.05 g/L AA would substantially inhibit β-oxidation in P. citronellolis DSM 50332 while still allowing some β-oxidation which may be necessary for certain cellular functions (Fig. 4b) . Increasing the AA concentration to 0.10 g/L virtually eliminated growth with NA as the sole carbon and energy source, indicating that β-oxidation was almost completely suppressed at this concentration.
Figure 4
Another chemostat experiment, almost identical to the previous study, was conducted but the AzA inlet concentration was fixed at 2.50 g/L while the AA feed concentration was varied (Fig. 5) . Under these conditions, the residual glucose and AzA 
Conclusions
Although Pseudomonas citronellolis accumulated much more PHA than P. fluorescens, it could not incorporate AzA to produce any carboxyl side-chains in its PHA. However, it can degrade AzA, most probably producing acetate which can feed the TCA cycle or produce mcl-PHA via de novo synthesis. Unless key enzymes are modified to accept
AzA as a substrate, its use in PHA production will be restricted to a carbon and energy source, similar to glucose. While the bacteria that could metabolize AzA accumulated relatively little mcl-PHA (well under 50 % of dry weight), the most productive mcl-PHA accumulator, P. putida cannot metabolize this diacid. However, if P. putida could be modified to catabolize AzA to acetate by incorporation of fatty acid degradation genes from P. citronellolis, AzA could replace glucose which has already been shown to aid in a highly productive process for the production of mcl-PHA from nonanoic acid (Sun et al. 2009 ). The ozonolysis products of oleic acid could be fed to the fed-batch fermentation process with no requirement for their separation, thus further reducing production cost. 
